Activation of poly(ADP-ribose)polymerases 1 and 2 (PARP-1 and PARP-2) is one of the earliest responses of mammalian cells to DNA damage by numerous genotoxic agents. We have analysed the in¯uence of PARP inhibition, either achieved by over-expression of the DNA binding domain of PARP-1 or by treatment with 3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinolinone, on the repair of single-strand breaks (SSB), pyrimidine dimers and oxidative base modi®cations sensitive to Fpg protein (mostly 8-hydroxyguanine) in mammalian cells at very low, non-cytotoxic levels of DNA damage. The data show that the repair rates of all three types of DNA damage are signi®cantly lower in PARP-inhibited cells. Importantly, the retardation of the repair of base modi®cations is not associated with accumulation of intermediates such as SSB or abasic sites. Moreover, the in¯uence of the PARP inhibition is not observed in cells de®cient in Cockayne syndrome B protein (Csb). The results indicate that PARP activation and Csb are both involved in a novel mechanism that accelerates the global repair of various types of DNA modi®cations.
INTRODUCTION
Poly(ADP-ribosyl)polymerases (PARPs) are a family of enzymes that catalyse the transfer of ADP-ribose residues from NAD + to target proteins. The well-characterised original PARP-1 and the more recently identi®ed PARP-2 are nuclear proteins that bind to DNA single-strand breaks (SSB) and possibly other DNA structures (bends, cruciforms, unwound regions) and subsequently attach poly(ADP-ribose) residues to histones and various proteins involved in DNA processing and repair (1±5). Most prominent, however, is PARP-1 automodi®cation, which terminates the catalytic activity of PARP-1 and causes its dissociation from the DNA.
The enzymatic activation by SSB indicates a role of PARP-1 and PARP-2 in the repair of SSB, which is probably independent of other established functions such as the activation of the transcription factor NF-kB (6, 7) . Indeed, the resealing of SSB generated by alkylating agents was retarded in cells treated with 3-aminobenzamide, which inhibits the enzymatic activity of PARPs by competition with NAD + (8) , in knockout cells either de®cient for PARP-1 or PARP-2 (9,10) and in cells in which the PARP activity was inhibited by over-expression of its DNA binding domain (DBD) (11) . Similar results were also reported for the repair of SSB induced by ionising radiation (11±13). Interestingly, the kinetic effects on SSB repair were often small or absent, while hypersensitivity to ionising radiation and alkylating agents and genomic instability, which are generally regarded a consequence of the repair defect, appear very pronounced after PARP inhibition and in PARP-1-de®cient cells (4, 14) .
Since SSB are obligatory intermediates in base excision repair (BER) and nucleotide excision repair (NER), an in¯uence of PARP activity on these repair pathways can be expected as well. For BER, this notion is supported by the ®nding that both PARP-1 and PARP-2 physically interact with other factors involved in BER, e.g. XRCC1, a supposed platform protein, DNA polymerase b and ligase III (10, 15, 16) . The delayed repair of SSB induced by alkylating agents (see above) can be interpreted as an accumulation of repair breaks due to delayed resealing. In vitro experiments with cell-free extracts from PARP-1 knockout cells further support a role of PARP-1 in the late stages of BER. Thus, the polymerisation step following the incision at a single site of base loss (AP site) located in a plasmid was retarded (17) . Speci®cally, the longpatch pathway of BER, which involves strand displacement synthesis prior to ligation and might replace short-patch repair in vivo under certain conditions, was shown to be stimulated by PARP-1 in vitro (17, 18) . In cells de®cient in DNA polymerase b, PARP-1 activity is required for the ligation of repair breaks in a non-transcribed sequence, as was recently shown for transfected plasmids carrying a single 8-hydroxyguanine (8-oxoG) residue (19) .
Here, we describe an analysis of the in¯uence of PARP activity on the global repair of DNA base modi®cations in intact cells under conditions that do not signi®cantly affect replication or transcription. The results indicate that both the repair of pyrimidine dimers (by NER) and that of oxidative base modi®cations (by BER) are signi®cantly impaired when *To whom correspondence should be addressed. Tel: +49 6131 39 24309; Fax: +49 6131 39 25521; Email: epe@uni-mainz.de the PARP activity is inhibited. The retardation is not associated with an accumulation of repair breaks, but is dependent on the presence of Cockayne syndrome B protein (Csb), which originally was shown to participate in the preferential repair of transcribed genes only (20±23). Our ®ndings indicate that PARP activation, independent of its role in SSB resealing during (long-patch) BER, is involved in a novel mechanism that accelerates global BER and NER in intact cells.
MATERIALS AND METHODS

Cell culture and enzymes
COM3 and COR3 cells are stable transfectants of the SV40-transformed hamster cell line CO60 and have been characterised previously (24) . COM3 cells contain a construct for the expression of the PARP-1 DBD under control of the glucocorticoid responsive MMTV promoter and a construct for the constitutive over-expression of the human glucocorticoid receptor (Hg0). COR3 are control cells over-expressing the glucocorticoid receptor only. COM3 and COR3 cells were propagated in routine medium [Dulbecco's modi®ed Eagle medium (DMEM) containing 5% fetal calf serum (FCS), 1 mM L-glutamine, 100 U/ml penicillin and 100 mg/ml streptomycin], supplemented with hygromycin B (800 U/ml) in the case of the COR3 cells and hygromycin B (800 U/ml) plus geneticin (800 mg/ml) in the case of the COM3 as described (24) .
Spontaneously immortalised mouse embryo ®broblasts (MEFs) of wild-type and csb ±/± mice were kindly provided by D. Barnes (Cancer Research UK, London) and A. Klungland (National Hospital, Oslo, Norway). Cells were cultured in DMEM with 15% FCS, 100 U/ml penicillin and 100 mg/ml streptomycin.
Fpg protein (Escherichia coli formamidopyrimidine-DNA glycosylase) was isolated from E.coli strain JM105 harbouring plasmid pFPG230 (25) . Endonuclease IV was a kind gift of B. Demple (Boston, USA). T4 endonuclease V was partially puri®ed by the method described by Nakabeppu et al. (26) from an E.coli strain harbouring the denV gene on an inducible expression vector kindly provided by L. Mullenders (Leiden, The Netherlands).
Ro19-8022
was a kind gift of E. Gocke (Hoffmann-La Roche, Basel, Switzerland).
Inhibition of PARP activity
Trans-dominant PARP inhibition in COM3 cells was achieved by replacing the selection media by routine medium, which after 24 h was supplemented with 0.05 mM dexamethasone (Dex). The cells were incubated in the presence of Dex for 24 h before DNA damage induction (see below), and the glucocorticoid was also present during the repair incubations. The control cells (with or without Dex) were treated analogously.
For the inhibition of the catalytic activity of PARP, 10 mM 3,4-dihydro-5-[4-(1-piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ; Alexis Biochemicals, Gru Ènberg, Germany) was added to the medium 30 min before damage induction (27) .
Induction and repair of DNA damage
For the predominant induction of oxidative purine modi®ca-tions sensitive to Fpg protein, cells were exposed to the photosensitiser Ro 19-8022 (0.05 mM) in the presence of visible light from a 1000 W halogen lamp (Philips PF811) at a distance of 38 cm in Ca 2+ and Mg 2+ -free PBS (140 mM NaCl, 3 mM KCl, 8 mM Na 2 HPO 4 , 1 mM KH 2 PO 4 ) on ice for 10 min, corresponding to 14 kJ/m 2 between 400 and 500 nm. For the induction of pyrimidine dimers by UVB, cells were irradiated with a Philips TL20W/12RS lamp (maximum emission at 306 nm) at 50 cm distance for 10 min corresponding to 2.4 J/m 2 . To induce SSB, cells were treated with tert-butylhydroperoxide (100 mM) in DMEM without supplements for 15 min at 37°C and 5% CO 2 .
Cells were washed and incubated at 37°C under culture conditions for the indicated repair times before DNA damage analysis as described below.
Quanti®cation of DNA modi®cations by alkaline elution
The alkaline elution assay originally described by Kohn et al.
(28) with modi®cations described previously (29, 30 ) was used to quantify SSB, cyclobutane pyrimidine dimers sensitive to T4 endonuclease V, sites of base loss sensitive to endonuclease IV and oxidative purine modi®cations sensitive to Fpg protein. The sum of DNA modi®cations sensitive to one of the repair glycosylases and SSB was obtained from experiments, in which the cellular DNA was incubated for 30±60 min at 37°C with Fpg protein (1 mg/ml), endonuclease IV (1 mg/ml) or T4 endonuclease V (0.1 mg/ml) immediately after cell lysis. Under these conditions, the incision by the enzyme at endonuclease-sensitive modi®cations was shown to be saturated (30) . The numbers of modi®cations incised by the repair glycosylase were obtained by subtraction of the number of SSB observed in experiments without endonuclease treatment. Elution curves obtained with g-irradiated cells were used for calibration, assuming that 6 Gy generate 1 SSB/ 10 6 bp (28). The numbers of DNA modi®cations observed in untreated control cells (background levels) were subtracted in all cases.
Cleavage activity in cell extracts
Exponentially growing cells were washed with Ca 2+ -and Mg 2+ -free PBS and resuspended in 350 ml lysis buffer (20 mM Tris±HCl pH 8.0, 1 mM EDTA, 250 mM NaCl, 0.8 mg/ml antipain, 0.8 mg/ml leupeptin and 0.8 mg/ml aprotinin). The cell suspension was sonicated and after centrifugation (85 000 g, 45 min, 4°C), the protein concentrations of the recovered supernatants were determined according to Bradford.
To determine the cleavage activities of these cell extracts at either 8-oxoG or at a site of base loss, aliquots containing 5 mg total protein were incubated for 30 min at 37°C with a 34mer 5¢-32 P-labelled double-stranded oligodeoxyribonucleotide, which contained either an 8-oxoG or a tetrahydrofuranyl residue in the labelled strand at position 16 opposite a cytosine. The extent of DNA cleavage was determined following PAGE as described previously (31) .
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RESULTS
The global repair of various types of DNA modi®cations is retarded by PARP inhibition
The very sensitive alkaline elution technique was used to determine the repair kinetics of various types of DNA modi®cations in COM3 Chinese hamster cells, which overexpress the PARP-1 DBD under the control of the glucocorticoid receptor and therefore lose PARP activity when treated with Dex (trans-dominant inhibition) (24) . Oxidative DNA base modi®cations were induced by exposure to the photosensitiser Ro19-8022 plus light, which generates predominantly 8-oxoG and only relatively few SSB, sites of base loss and oxidative pyrimidine modi®cations (32) . The number of oxidative purine modi®cations (including 8-oxoG) was quanti®ed by alkaline elution in combination with the repair glycosylase Fpg as a probe. Fpg is the bacterial functional analogue of Ogg1, the most relevant mammalian repair glycosylase that initiates the BER of 8-oxoG and other oxidative guanine modi®cations. It should be emphasised that the low level of damage induced in the repair assays (<0.7 lesions/10 6 bp) was not associated with signi®cant cytotoxicity, i.e. the proliferation rate of the cells was not reduced (data not shown).
The results shown in Figure 1A indicate that the removal of the Fpg-sensitive modi®cations is retarded in COM3 cells when the DBD of PARP-1 is expressed by treatment with Dex. No retardation is observed in COR3 control cells, which express the glucocorticoid receptor only, with or without Dex. As shown in Figure 1B , a clear retardation by the transdominant inhibition of PARP activity is also observed for the repair of cyclobutane pyrimidine dimers induced by a low dose of UVB (2.4 J/m 2 ), quanti®ed by using T4 endonuclease V as a probe. The repair of SSB induced by treatment with tert-butylhydroperoxide, which overall is very rapid, is retarded to an extent similar to that observed for the DNA base modi®cations (Fig. 1C ).
An impaired processing of AP sites and SSB generated during the repair of base modi®cations is expected to result in an accumulation of these intermediates. As shown in Figure 2 , neither the number of SSB nor that of AP sites (quanti®ed by using endonuclease IV as a probe) increased signi®cantly during the repair of oxidative base modi®cations either with or without trans-dominant inhibition of PARP activity. The low level of these repair intermediates excludes that the incision at AP sites or the resealing of repair breaks has become rate limiting for the overall repair process of the base modi®cations under conditions of PARP inhibition. The same result was observed for the repair of pyrimidine dimers (data not shown). Therefore, the removal rates of the repair glycosylasesensitive modi®cations shown in Figure 1A and B not only apply to the ®rst step of the repair process, but also re¯ect the overall repair rate.
Besides, by over-expression of its DBD, the catalytic activity of PARP-1 can be inhibited by compounds that compete with NAD + for the binding site at the catalytic domain. We therefore analysed the effects of DPQ, a recently developed ef®cient PARP inhibitor (27) on the repair of oxidative purine modi®cations induced by Ro19-8022 plus light, pyrimidine dimers induced by UVB and SSB induced by tert-butylhydroperoxide in COM3 cells (in the absence of Dex) at selected time points. The results shown in Figure 3 con®rm those obtained by trans-dominant PARP inhibition, i.e. the repair of all these types of DNA modi®cations is retarded in the absence of PARP activity.
An in vitro assay was carried out to analyse the in¯uence of PARP inhibition on the incision capacity of cell extracts at single 8-oxoG residues located in an oligonucleotide. As shown in Figure 4 , total protein extracts from COR3 control cells and from COM3 cells with and without PARP inhibition by either expression of the DBD or by treatment with DPQ all exhibit similar cleavage activities at 8-oxoG. Similar results were obtained with an oligonucleotide carrying a single AP site (data not shown). Therefore, the effects of PARP inhibition on the repair rates shown in Figures 1 and 3 cannot be explained by reduced glycosylase/AP endonuclease activity as detectable in cell-free extracts.
The acceleration of repair by PARP is dependent on Csb
We have demonstrated recently that Csb protein, which is mutated in Cockayne syndrome B patients, accelerates the global repair of Fpg-sensitive oxidative base modi®cations and is required for an Ogg1-independent back-up repair mechanism both in vivo and in cultured cells (33) . In that study, the absence of Csb had no in¯uence on the incision capacity at 8-oxoG residues in cell-free extracts, an observation similar to that described above for the effects of PARP activity. We therefore analysed the in¯uence of PARP inhibition on the repair in cells de®cient in Csb.
In immortalised mouse embryonic ®broblasts (MEFs) the inhibition of PARP activity by DPQ caused a similar retardation of the repair of Fpg-sensitive oxidative base modi®cations induced by Ro19-8022 as observed in the COM3 cells (Fig. 5A) . In MEFs from csb ±/± knockout mice, the repair without DPQ was signi®cantly slower than in the wild-type cells, as described previously (33) . Strikingly, inhibition of PARP activity by DPQ did not further reduce the repair rates (Fig. 5B) . Therefore, the roles of PARP activity and Csb protein in the stimulation of the global repair of the oxidative base modi®cations appear to depend on each other.
The effect of PARP inhibition by DPQ on the repair of cyclobutane pyrimidine dimers in wild-type MEFs was much smaller than in the COM3 cells, but still signi®cant (Fig. 5C) . Similarly, the global repair of the pyrimidine dimers in the Csb-de®cient ®broblasts was only slightly slower than in wildtype cells. As in the case of the oxidative base modi®cations induced by photosensitisation, inhibition of PARP by DPQ in the Csb-de®cient ®broblasts did not cause further retardation of the repair (Fig. 5D) .
Only small effects of DPQ on the rejoining of SSB induced by tert-butylhydroperoxide were observed in both wild-type and Csb-de®cient ®broblasts, and the repair rates in the two types of ®broblasts did not differ signi®cantly (data not shown).
DISCUSSION
The results presented demonstrate that PARP activity has a distinct in¯uence on the global repair of DNA base modi®-cations. Both the removal of oxidative purine modi®cations including 8-oxoG, which in mammalian cells are predominantly subject to BER, and that of cyclobutane pyrimidine dimers, which are repaired by NER only, is signi®cantly slower when PARP activity is inhibited either by overexpression of the PARP-1 DBD or by a low-molecular weight inhibitor of the catalytic domain. This effect cannot be explained by the established role of PARP-1 in SSB resealing during (long-patch) BER, since the level of repair breaks represents only a small fraction of the total number of lesions even under conditions of PARP inhibition (Fig. 2) , indicating that the resealing of the repair breaks is not the rate limiting step of the overall repair process when PARP is inhibited. In contrast, the previously reported accumulation of SSB in PARP-inhibited or PARP-de®cient cells exposed to alkylating agents probably re¯ects the impaired resealing of SSB, which in this case may be generated both enzymatically (repair breaks) and non-enzymatically (following depurination).
Although PARP-1 has been shown to act as a regulator of transcription factors such as p53 and NF-kB (6,34±36), the acceleration of BER cannot be explained by up-regulated expression or increased activity of the repair enzymes directly involved in the recognition and excision of the base modi®-cations, as the cleavage activity observable in an in vitro repair assay was not affected by PARP inhibition (Fig. 4 ). An involvement of p53 also appears unlikely because the effect was also observed in COM3 cells (Figs 1 and 3) , which are SV40-transformed and therefore lack functional p53. It should be noted in this context that the global repair of cyclobutane pyrimidine dimers was found to be strongly stimulated by a functionally active p53, which acts as a transactivator of p48, a speci®c recognition factor for this type of modi®cation (37, 38) . The relatively ef®cient and apparently p53-independent repair observed in this study might be explained by the only very low level of DNA damage that was generated.
An interesting clue regarding the role of PARP activity in BER and NER comes from the observation that Csb-de®cient cells display a similar repair retardation as PARP-inhibited cells and that the repair in csb ±/± cells is not further impaired by PARP inhibition (Fig. 5B and D) . Csb protein has long been known for its involvement in the transcription-coupled repair of various lesions including pyrimidine dimers and 8-oxoG (21±23), but its role in the global repair of 8-oxoG has been demonstrated only recently (33, 39, 40) . The underlying mechanism still remains to be established, but in our recent study (33) up-regulation of the cleavage activity at 8-oxoG detectable in cell extracts was not involved, as in the case of the PARP inhibition (Fig. 4) . Instead, the recently demonstrated implication of CSB in ATP-dependent chromatin remodelling (41) suggests that CSB might accelerate repair by increasing the accessibility of packaged DNA (42) . Direct poly(ADP-ribosyl)ation of histones or PARP-1 automodi®ca-tion leading to non-covalent interaction of histones with poly(ADP-ribose) and thus to chromatin decondensation (43) appear to be involved in the same pathway, since the effects of Csb de®ciency and PARP inhibition were not additive (Fig. 5) . Conceivably, the two proteins cooperate in the opening of the chromatin that is triggered by a stalled transcription machinery and allows a more rapid repair of DNA modi®ca-tions situated far away from the transcription site. In accordance with this assumption, the acceleration of global repair mediated by Csb is already observable at early time points (Fig. 5 ), but requires active transcription, as deduced from its inhibition by a-amanitin (33) . The recent suggestion that poly(ADP-ribose) might serve as a supply of ATP (44) is interesting in view of the DNA-dependent ATPase activity of Csb.
